ABSTRACT: High resolution marine gravity data and 3D post-stack seismic data from the central North Sea have been jointly interpreted. The accuracy of the gravity data allowed the detection of density contrasts related to a Quaternary sub-glacial melt-water channel, a shallow gas accumulation and a Tertiary gas chimney. The combination of gravity and seismic data is shown to particularly improve the detection of the shallow gas accumulation.
INTRODUCTION
During the last decade the accuracy of marine gravity data has been appreciably improved as a result of satellite navigation positioning and new gravimeter technology (EDCON 1991; Bell 1998) . The marine acquisition of the most recent vertical gravity data together with 3D seismic surveys allows the computation of high-resolution gravity grids with a significantly improved accuracy. It will be shown in this paper that this data quality allows the interpretation of minor sedimentary targets, which earlier has not been possible.
Traditionally, the use of gravity data in an oil exploration context has been restricted to the large density contrasts in sedimentary basins related to salt, basement, intrusions, sills and dykes (Fichler & Hospers 1990; Hospers & Ediriweera 1991; Platt & Walter 1995; Doré et al. 1997) . The new gravity data are accurate enough to map intra-sedimentary density contrasts. The ambiguity of gravity data and their decrease in resolution with depth (Blakely 1995; Grant & West 1965) restrict such interpretations to the shallower part of the subsurface. Exploration targets are most frequently found at greater depths and this may explain the limited interest in such data resulting in few publications (Anderson & Weber 1998; Johnson 1998; Gabriel & Wiederhold 2000; Bauer 2001 ). However, the detection of shallow gas accumulations must certainly be of interest for exploration.
Shallow gas may be defined as gas accumulations in the uppermost sedimentary strata below the seafloor. The gas can be carbon dioxide, hydrogen sulphide or ethane but the only gas to be found in considerable quantity is methane (Floodgate & Judd 1992) . The gases mainly originate from microbial or thermal degradation of organic matter in sediments. Shallow gas is of interest from several points of view. It can be an indicator for hydrocarbon leakage from deeper reservoirs and may therefore give information about migration paths. Heggland (1997) identified shallow gas above the Sleipner Field and established migration paths from the gas reservoir. It is further necessary to map shallow gas to prevent serious problems while drilling exploration or development wells (Salisbury et al. 1996) . If shallow gas is unexpectedly encountered, the incidents may vary from delays and lost wells to catastrophic blowouts like the West Vanguard blowout in October 1985.
Detection and mapping of shallow gas, especially the gas saturation, may be a difficult task. Judd & Hovland (1992) discussed a variety of methods. Indirect evidence is provided by sedimentary features on the seabed like pockmarks, seabed domes and mud diapirs and by seepages. Direct evidence may be gained by geochemical analysis of drilling mud, seabed sediments and seawater samples as well as remotely by seismic surveys. Shallow seismic data are most suitable but only used prior to the building of installations. Conventional 3D seismic data are thus the most common tool in shallow gas evaluation (Gallagher et al. 1991; Fatti et al. 1994; Gallagher & Heggland 1994; Heggland 1997) . However, their processing routines are usually designed to resolve the deeper reservoir interval. This puts limitations on the data quality in the shallower sections. Gas may be visible on seismic sections by acoustic turbidity, acoustic blanking or bright spots. The most common feature is the bright spot, a high amplitude, which reflects the top of a gas bearing sediment, caused by the impedance contrast between a gas free and a gas bearing sediment. The interpretation of a bright spot is ambiguous because coal and gravel layers inter-bedded within mud rock formations may also result in bright spots. Another problem is that just a few percent of gas saturation in the sediment produce similar responses on seismic data as complete gas saturation. This makes it difficult to quantify the amount of gas.
The high-resolution gravity data have the potential to improve the shallow gas interpretation. Gravity anomalies are solely dependent on density distribution. Substituting gas for brine in the pore space of a sediment has an influence on the density and accordingly on the gravity anomalies. The present paper demonstrates the usefulness of high resolution gravity data combined with 3D seismic data for detecting subtle geological features with special emphasis on shallow gas. The study area is located at the eastern flank of the Viking Graben in the Norwegian North Sea (Fig. 1) .
METHOD AND DATA
The data used in this study are high-resolution gravity data and post-stack seismic data, both acquired in seismic survey ST9511. The gravity data were collected with a line spacing of 125 m and a sampling rate of 25 m. The location of the gravity observations in the study area is shown in Figure 2 . The gravity data were acquired under optimal conditions, which resulted in an extraordinary accuracy. A small area, which contains the gravity anomaly discussed late in the section 'Shallow Gas' has been chosen to document the accuracy of the data (Fig. 3) . Four lines, marked a, b, c and d, were high pass filtered in order to remove the longest wavelengths of the gravity signal (Fig. 4) . The resulting data contain both short and long wavelengths. The short wavelength anomalies are attributed to the instrumental accuracy as their amplitude is near to, or slightly below 0.01 10 5 ms 2 , which is the instrumental accuracy guaranteed by EDCON (1991) . The long wavelength anomalies show a minimum on all four lines with amplitudes between 0.015 and 0.025 10 5 ms 2 . This coincidence on four lines of independently acquired data (as well as similar observations at other locations in the dataset) confirms an excellent relative accuracy which is estimated to be in the order of 0.02 10 5 ms 2 . The free-air gravity grid image (grid cell size 100 m, Fig. 5 ) shows a dominating regional field, which decreases from southeast to northwest. Its origin is the southeastward rise of the crystalline basement, which forms the Utsira High ( Fig. 1) at the eastern margin of the Viking Graben (Fichler & Hospers 1990) . Anomalies related to targets at shallow and intermediate depths within the sediments have been brought out using high pass filtering with cutoff wavelengths of three and ten kilometres, respectively ( Fig. 5b and c) . The background for this technique is that the average wavelength of the gravity signal will increase with increasing distance to its source (Spector & Grant 1970 ). The spectral content of the data is shown by the 2D radially averaged power spectrum, which has been computed of the entire dataset (Fig. 6 ). The highest amplitudes of the spectrum are contributed by wavelengths, which are longer than 10 km, and which originate from deep structures as basement and intra-basement inhomogeneities. They provide the dominating gravity signal in Figure 5a . The wavelengths between 10 and 3 km relate to structures at intermediate depths ( Fig. 5b) , the wavelengths between 3 and 1 km to shallow structures ( Fig. 5c) , and the shortest wavelengths to noise. The presented interpretation focuses on the most distinct negative anomalies in Figures 5b and 5c.
The interpretation method includes pattern correlation and 2.5D gravity modelling. The visual correlation of the gravity and seismic images has been performed on a seismic workstation where the gravity grid was imported as a horizon. The correlations between gravity anomalies and structures visible on seismic time slices, cross-sections and seismic attribute maps could then be performed using the seismic workstation functionality such as, e.g. cursor tracking. The 2.5D gravity modelling program computes the gravity anomaly under the assumption that the structures shown in the vertical Fig. 1 . Location of (a) the study area (grey box) on the map of main structural elements (Brekke et al. 1989) and (b) the structural map.
sections continue in horizontal direction off the profile plane. Both strike angle and lateral extension of structures can be adjusted individually in order to approach the threedimensional shape (Rasmussen & Pedersen 1979 ).
An accurate bathymetric map is important, as the seafloor constitutes a strong density contrast. The common way to correct for seafloor topography is the Bouguer correction, where the water is replaced by a slab of the assumed seafloor density and a thickness equal to the water depth (Dobrin & Savit 1988) . This approach introduces errors caused by lateral density variations in the seafloor. An error in the Bouguer density of, e.g., 400 kg m 3 will introduce an error of 0.03 10 5 ms 2 in the Bouguer anomaly for a topographic variation of 2 m. The anomalies of the study are only slightly above this value with their range of 0.05 -0.13 10 5 ms 2 . A good way to avoid such problems is to interpret the free-air gravity data in combination with bathymetric data. The bathymetric data were high pass filtered with the same cutoff wavelength as the free-air gravity (3 km; Fig. 7a ). A topographic low in the seafloor is found near to the negative gravity anomaly (which is interpreted to be caused by shallow gas). However, its estimated gravity anomaly is too small to account for the negative gravity anomaly and its shape deviates from the shape of the gravity anomaly (Figs. 7b, c) .
GEOLOGICAL FRAMEWORK
The Viking Graben is the northern arm of the North Sea Graben system, situated between southern Norway and the Shetland Islands. Its main tectonic evolution is described by two major rift phases, the first one dated between Permian and early Triassic times, the second one between Mid-Jurassic and Early Cretaceous times. During and after the tectonically active phases, the graben formation continued with subsidence and deposition of sediments, which have been in focus for extensive exploration (Spencer et al. 1986) .
The presented paper focuses on the shallow strata formed under the influence of several glaciations during the late Cenozoic (Sejrup et al. 1987; Mangerud et al. 1996) . Lower and early Middle Pleistocene include variable climatic periods and the deposited sediments are fluvial to marine (Wingfield 1989) . Late Middle and Upper Pleistocene were influenced by extensive continental glaciations, i.e. the Elsterian, Saalian and Weichslian glacial periods (Cameron et al. 1987; Wingfield 1989) . The most dominant features in the study area are Quaternary channels. Their origin is attributed to sub-glacial melt water drainage and they are often generated in zones of weakness in the glacier or seafloor. Causes for such zones can be active faulting, oil-and gas seepage or liquefaction of sediments due to overburden pressure. When a channel is initiated, it will successively increase in size, until it is large enough to be filled by the 'viscous' glacier, leaving only a small area open for melt water drainage. After the retreat of the ice, marine sedimentation processes filled the remaining sea bottom topography grooves. Fine grain sediments like clays and silts dominate the channel infill (Gausland 1998; Huuse & Lykke-Andersen 2000) . Quaternary channels have been generated during several glaciation cycles and the result is a complex pattern of channel systems, which overlay as well as crosscut each other. Three generations of channel systems have been identified in the Central North Sea (Cameron et al. 1987) .
JOINT INTERPRETATION Quaternary channel
The 3D seismic data reveal a complex pattern of different glacial depositional cycles. The dominant reflectors outline a channel system, which overlies and crosscuts an older channel system. Gravity anomalies are found which correlate with channels or parts of channels, but are in many cases rather uncertain. This is not surprising as only a channel with a distinct density contrast and homogeneous density is expected to correlate. Another problem is caused by the interference of anomalies from neighbouring channels. One channel is identified which shows a clear correlation with a chain of negative anomalies. The base of the channel was seismically mapped and is compared with the gravity anomaly map (Fig. 8) . The channel is most distinct in the west, where the channel increases in depth and accordingly in volume.
The gravity anomaly of the channel was modelled along a cross section (Fig. 9) . The modelling shows that a density contrast of 40 kg m 3 for the channel infill can explain the observed gravity anomaly. The stratigraphic unit of the channel has been determined by means of published seismic sections (Stoker et al. 1985; Cameron et al. 1987; Gausland 1998) . The channel incises the Aberdeen Ground Formation and is filled 6 . The 2D radially averaged power-spectrum of the observed gravity grid (Fig. 5) . by sediments of the Ling Bank Formation. Both formations exhibit layers of sand, silt and clay. On the basis of the observed data it cannot be decided whether an increased gas content, lithology variation, or a combination of both, cause the density contrast. An argument for increased gas content may be the velocity pull down below the channel at approximately 450 ms.
Gas chimney
The second gravity minimum from the east along the Quaternary channel (Fig. 8) displays the largest amplitude. However, this minimum does not match with the channel topography. We argue that this minimum includes a contribution from a deeper structure, which can be seen on the free-air gravity map filtered with 10 km high pass (Fig. 5b) . Seismic sections crossing the gravity minimum show evidence of gas. 'Brights' and distorted amplitudes in part of the sections are interpreted as a gas chimney. Gas chimneys are vertical features in seismic data, where the continuity of seismic amplitudes along reflectors have been disturbed or destroyed by the upward gas migration (Judd & Hovland 1992) . The calculation of a volume root mean square amplitude attribute through the gas chimney reveals a clear correlation with the negative gravity anomaly (Fig. 10) . The gravity anomaly is modelled by a very simplified model for a gas chimney with an average density contrast of 40 kg m 3 (Fig. 11) . The effective density 1 of a water saturated rock with matrix density m , water density w and porosity can be written as
Substituting the water partially with gas results in
where fl is the density of the fluid mixture, given by
The partial gas saturation is expressed by S g and the gas density is g . If one assumes that the modelled density contrast is solely caused by the fluid substitution effect, equations (1), (2) and (3) can be solved for the gas saturation, provided that the porosity is known. Substituting brine with gas (density of 60 kg m 3 ) in a rock with an average porosity of 25%, would result in 17% gas saturation. This is fairly high but the interpretation of the chimney is (especially in its deeper part) uncertain and the chimney may well be of greater lateral extension, which would decrease the percentage of gas saturation. Immediately to the west of the low amplitude zone, a NNW-SSE trending fault crossing the study area can be seen (Fig. 10c) . The location of the gas chimney may be related to this fault.
Another low amplitude zone, which may indicate a gas chimney, can be observed on the western border of the study area (Fig. 10c) . However, no distinct negative gravity anomaly is found to correlate with this zone. This may be explained by the very complex Quaternary depositional patterns of this area, also reflected by coarse topography on the bathymetric map (Fig. 7) . It is assumed that the complex depositional pattern may create interfering gravity anomalies. A minor gas content in the chimney, which would not change the image of the seismic data, may be another explanation.
Shallow gas
The strongest negative anomaly found north of the study area, on the short wavelengths gravity image, correlates with a structural closure bounded by a N-S trending channel in the east and a NE-SW trending channel (Fig. 12) . The gravity anomaly of the closure was modelled, and the observed data can be fitted with a density contrast of 150 kg m 3 (Fig. 11 ). This may be due to either a lithology contrast or the presence of shallow gas. The main feature in the seismic data which indicates the presence of gas is a bright spot, which is a high amplitude, negative phase reflection. This may represent the top of a gas filled sediment. The top of this closure was seismically mapped and a root mean square amplitude attribute was calculated for this horizon. Figure 12 shows the top of the structure as a topographic map and the amplitude map is draped over the topography in colors. The highest amplitudes coincide with the topographic highs and may thus be interpreted as bright spots. The matching negative gravity anomalies support the presence of gas.
The low-density stratigraphic unit is the uppermost Aberdeen Ground Formation identified in previously published seismic sections (Stoker et al. 1985; Cameron et al. 1987; Gausland 1998 ). This layer is described as a sub-glacial till comprising abundant pebbles and cobbles in a stiff, sandy clay. The till passes laterally into poorly sorted muddy sands and sandy gravels deposited in a glacio-marine sedimentary environment adjacent to the ice front (Cameron et al. 1987) . These sandy layers will certainly constitute volumes with high porosity and their volume density is expected to be lower than the corresponding sub-glacial till. The observed negative density contrast may thus be explained by both lithology variations and gas content. The overlying lower Ling Bank Formation is described as silt and clays (Cameron et al. 1987 ) and may provide a top seal for the suggested shallow gas accumulation.
DISCUSSION
The cases presented here illustrate that the new high-resolution marine gravity data are able to resolve subtle intra-sedimentary density contrasts. However, a successful interpretation of small intra-sedimentary density contrasts can only be expected in the uppermost sedimentary strata as the amplitude of a gravity signal decreases with distance to the source body. The detectable size of a density distribution at a certain depth is dependent on the accuracy of the data. Better data are needed to increase resolution at greater depths as provided by, e.g., the new gravity gradiometer technology (Bell 1998) . A general problem is the interference of gravity anomalies from several source bodies. Especially in areas of complex Quaternary geology, the detection of density contrasts is strongly dependent on detailed seismic interpretation, which may be time consuming. A reasonable quality of the seismic, bathymetric and geological constraints is of vital importance for a successful interpretation.
It should be noted that the seismic anomaly of the interpreted shallow closure is not particularly well defined, but clearly visible in the gravity data. Such data may therefore contribute to an improved detection of shallow gas. The combination of gravity data with shallow seismic data may be even more powerful, as such seismic data give a more detailed image of the uppermost strata. An example for this data combination is found in Bauer (2001) . A shallow seismic anomaly in the Southern Barents Sea is interpreted as the base of gas hydrate which is trapping gas. Seismic inversion was used to build a model of the gas-filled structure and the presence of gas was confirmed due to constraints on the density by gravity modelling.
Gravity anomalies in the same order of magnitude as our observations have been reported by Gabriel & Wiederhold (2000) . They detected Quaternary channels on gravity data in Northern Germany, which caused anomalies with amplitudes in the order of some 0.1 10 5 ms 2 .
CONCLUSIONS
1. The combination of marine high-resolution gravity data and post-stack seismic data will improve the interpretation of shallow structures with distinct density contrasts and reasonable size. 2. Density contrasts of Quaternary channels, shallow gas accumulations and gas chimneys are detectable on marine high-resolution gravity data. 3. The detection of shallow gas accumulations is improved by including gravity data. 4. Complex Quaternary geology may generate interfering gravity anomalies and will limit the usefulness of the method. 5. Bouguer gravity data should not be used for shallow targets, as density variations in the sea bottom will introduce errors. Free-air gravity data combined with bathymetric data should be used instead. 
